our ability to observe these behaviors. The standard genetic perturbation techniques-knockdown, overexpression and mutation-are extremely effective at identifying the proteins involved in a phenotype, but are less effective at extracting mechanism. These perturbations are slow in timescale and broad in effect and, except in lucky circumstances, are more likely to destroy rather than modulate specific spatiotemporal features of the network's response. Pharmacological perturbations have been extremely useful tools-small molecules that target or block specific molecules give the investigator the ability to rapidly switch off the function of a target protein. But these approaches do not allow spatial control, and in most cases good fortune or considerable engineering 1 is required to obtain highly specific inhibitors.
Light-gated protein modules provide a potentially transformative solution to the problem of dissecting cellular network function. There is currently an explosion of new light-controlled modules that can, in principle, be used to control the function and localization of diverse proteins. Such general new tools could usher in a new era of perturbative biology that would transform our ability to interrogate, dissect and understand the mechanisms of complex biological systems. Such light-gated modules might serve as the workhorse perturbative tool that complements GFP as an analytical tool. Here we briefly review optogenetic tools that have emerged over the last few years and discuss how they may be applied to cell biology in the near future.
Biology has always been primarily an observational science, and in the modern era, the development of genetically encoded fluorescent proteins such as GFP has given us the unprecedented ability to peer into the living cell and to observe its inner workings. We can now study individual cells in culture or in the context of a whole organism and directly observe where proteins are localized, their dynamics and their variability in expression level. More than ever, we now appreciate that the cell is not a bag of molecules but an anisotropic structure with highly complex spatial organization. We can see examples of how this organization shifts in dynamic processes, ranging from cell-shape changes to signal transduction propagated from the plasma membrane to the nucleus.
But what are the mechanisms that underlie and orchestrate these complex behaviors? Sadly, our ability to systematically perturb and interrogate the intracellular networks that control cell behavior (and thus our ability to understand their mechanism) has lagged behind Optogenetic modules offer cell biologists unprecedented new ways to poke and prod cells. The combination of these precision perturbative tools with observational tools, such as fluorescent proteins, may dramatically accelerate our ability to understand the inner workings of the cell. special feature | COMMENTARY Variable inputs: opening the black box of cell signaling In the coming years, researchers will undoubtedly discover more light-switchable modules as well as new ways in which these modules can be used to control molecular functions. But what remains less certain is how exactly these tools might be used to push forward our understanding of cell biology. Here we focus on some possible research applications.
As with any emerging technology, we cannot predict exactly which biological investigations will be transformed by optogenetic tools. However, these techniques are likely to be immediately useful for systems whose proper function requires activation that is transient or spatially restricted. Perhaps the most important issue is that the cell biologist who uses these tools may need to rethink their paradigm for experimental design to move away from simply manipulating the system in 'natural' ways.
Highly controlled perturbative tools are traditionally used in engineering to deconstruct and decode the internal mechanism and workings of, for example, a complex electronic device. Similarly in biochemistry and biophysics, systems are reconstituted with diverse compositions and concentrations, even in regimes that are far from those observed in vivo because one can mechanistically distinguish distinct models by moving to these regimes. In molecular mechanical systems (for example, motors), exposure to nonnatural forces is useful to determine their global physical and energetic properties and thus their underlying mechanism. These approaches are unified by the logic of interrogating a system by probing it with variable inputs, thereby learning about its inner workings by observing the ways in which it responds.
In an analogous way, cell biologists can take advantage of light-controlled tools to perturb spatial signaling in diverse but systematic ways. In many cellular and developmental processes (for example, cell polarization, migration and developmental patterning) the spatial dynamics of intracellular signals are likely to be critical for function. Imagine if optogenetic tools could be used to paint on arbitrary and diverse spatial distribution functions of inputs. These approaches could be incredibly helpful in discriminating between models for how molecular circuits interpret these signals. Although some microfluidic systems have been used to create diverse input patterns, can be used to regulate diverse cell functions. These interaction pairs can be used to control protein subcellular localization (Fig. 1b) , as has been demonstrated by the light-gated localization of a Rac guanine nucleotide exchange factor to the membrane, which is sufficient to allow it to activate Rac and lead to subsequent actin polymerization 7 . In principle, a similar inverse strategy could also be used to recruit proteins away from their site of action, thereby turning them off 8 . An alternative way to use interaction pairs is to link split portions of proteins that must associate to function. Examples of this strategy include a light-controlled yeast two-hybrid transcriptional switch 9 or a light-controlled activation of a split Cre recombinase 10 . Light interactions could be used to directly recruit partners in a signaling cascade together (for example, kinase and substrate), acting as a scaffold to promote pathway activation (Fig. 1c) . Notably, the development of new lightgated interaction pairs that are activated at different wavelengths, such as the cryptochrome-CIB1 system 10 , suggests a future in which the spectrum of controllable modules matches that of fluorescent proteins as observational modules.
The first strategy is to allosterically link photoactivation to protein activity (Fig. 1a) . For example, one can genetically insert a light-responsive light, oxygen, voltage (LOV) domain into a protein of interest such that this domain, in one conformation, will sterically block or perturb protein function. Photoisomerization of the LOV domain releases the allosteric block on protein function. This approach has been used for light-gated control of the GTPase Rac 4 . This modular mechanism is conceptually similar to chemical (or, more recently, genetic) photocaging strategies 5 , but has the advantage of reversibility. Photoisomerized LOV domain variants revert to the inactivating state at timescales ranging from seconds to hours.
Another strategy for regulating cell signaling is through light controlled protein-protein interaction. Throughout cell biology, we know that recruitment of proteins to new locations and new complexes is frequently used to gate their function. Harnessing this property, researchers have used chemically gated protein dimerization to regulate many signaling pathways 6 . Similarly, photoactivated interaction pairs, such as the phytochrome-PIF interaction pair from Arabidopsis thaliana 7 Gating activity by light-switchable scaffolding The speed and control of optogenetics also offers the tantalizing possibility of probing nearly any cell-signaling system with arbitrary time-variant or oscillatory-input patterns (Fig. 2d) . This would be obviously important for systems that appear to use frequency variation to encode information (for example, calcium signaling and frequencymodulated nuclear import) 12, 13 . But even for signaling systems that do not normally interpret changing input frequencies, presenting a cell with variable time inputs could prove to be very informative 14 . Currently we have very poor capabilities to map or identify feedback control in cellular networks even dial into many steps of a pathway, including intracellular steps (Fig. 2c) . Switching extracellular stimuli on and off has been a standard technique for studying these circuits, but switchable intracellular perturbations have typically been inaccessible. By walking down a pathway and systematically varying input (while also observing output at various steps in the pathway), one can directly observe how signals are processed at each step. This mode of analysis could be used to uncover detailed information about signaling networks such as the critical nodes for feedback control or ultrasensitivity 11 .
these have largely been limited to diffusible, extracellular inputs. Optogenetics has the potential to create arbitrary input patterns at almost any level in a network, potentially even in a developing organism.
Optogenetic tools also have the potential to fulfill the promise of 'in vivo biochemistry' . Whereas fluorescent proteins allow us to quantitatively measure concentrations and distributions of molecules in vivo, any good biochemist knows that uncovering mechanism requires systematic variation of concentrations and other system parameters. Traditional tools for dissecting signaling pathways in vivo excel at identifying the components required for signal propagation and the signs of interaction (activating or inhibiting) between components (Fig. 2a,b) .
More and more, crucial questions go beyond identifying pathway components to ask how collections of components operate together to perform their function. Light control presents an opportunity to dial in the activity or local concentration of intracellular components through modulation of the activating light intensity. It may be possible to clamp concentrations of some active intermediate at fixed levels, something akin to voltage clamping of channels or positional clamping in optical tweezer experiments. In the complex dynamical systems in cells, these types of experiments may yield a wealth of important mechanistic information.
In cell signaling, there is much interest in understanding how a signal is transmitted, changed and interpreted as it passes down a cascade or through a network. The flexibility of optogenetic control promises to enable one to insert a light-controlled 
